A drift tube capable of simultaneously functioning as an ion funnel is demonstrated in proton transfer reaction mass spectrometry (PTR-MS) for the first time. The ion funnel enables a much higher proportion of ions to exit the drift tube and enter the mass spectrometer than would otherwise be the case. An increase in the detection sensitivity for volatile organic compounds of between one and two orders of magnitude is delivered, as demonstrated using several compounds. Other aspects of analytical performance explored in this study include the effective E/N and dynamic range over which the drift tube is operated. The dual purpose drift tube/ion funnel can be coupled to various types of mass spectrometer to increase the detection sensitivity and may therefore offer considerable benefits in PTR-MS work.
INTRODUCTION
Introduced in the mid 1990s, proton transfer reaction mass spectrometry (PTR-MS) has become an increasingly important technique for the detection and monitoring of volatile organic compounds (VOCs) in air. [1] [2] [3] [4] [5] It possesses a high sensitivity, allowing routine detection of VOCs at low parts per billion by volume (ppbV) and extending well into the parts per trillion by volume (pptV) regime for the best available instruments. This ability to distinguish trace organic gases from the vastly larger quantities of inorganic gases in air, such as N 2 and O 2 , derives from the use of proton transfer, most commonly from H 3 O + , as the source of ions. This ionization method is selective to those gas constituents with a proton affinity exceeding that of H 2 O, which rules out any contribution from the common inorganic constituents of air, which would otherwise generate large background ion signals that would severely diminish the detection sensitivity for VOCs. As well as being sensitive, PTR-MS is also quantitative. The latter property derives from the use of a drift tube reactor, which brings the H 3 O + into contact with the analyte for a fixed reaction time.
The PTR-MS technique was originally developed by the group of Werner Lindinger and coworkers. 6 The earliest instruments coupled the ion source and drift tube with a quadrupole mass spectrometer (QMS). However, while compact and straightforward to use, QMS has several weaknesses when compared to other mass selective techniques. These include a relatively low mass resolution and a low operational efficiency, the latter arising from the fact that all ions, except those of a specific m/z, are rejected by the quadrupole mass filter at any instant in time. These deficiencies have seen other mass spectrometric techniques being interfaced with PTR-MS in recent years, including quadrupole ion traps [7] [8] [9] [10] , linear ion traps 11 and time-of-flight mass spectrometry. 12-15 Timeof-flight mass spectrometry (TOF-MS) is particularly promising because it is a multichannel device capable of detecting all ions simultaneously. Moreover, with suitably folded ion trajectories, as seen in the standard reflectron and other more complex folded designs, 15 a sufficiently high mass resolution can be achieved to distinguish many nominally isobaric compounds.
The performance of the mass spectrometer is critical to the ultimate detection sensitivity available in PTR-MS and is a topic that has been discussed in detail elsewhere. 5 However, sensitivity is not determined solely by the mass analyzer and detector. Another factor which critically limits the 4 detection sensitivity derives from the small exit aperture at the end of the drift tube: this aperture is necessary to maintain a sufficiently low pressure in the mass spectrometer while sustaining a pressure in the drift tube which is several orders of magnitude higher. Ordinarily, the vast majority of ions traversing the drift tube do not exit through this aperture, and so a large quantity of potentially useable ion signal is wasted.
In this paper we describe a means for dramatically increasing the proportion of ions that can pass from the drift tube into the mass spectrometer. The challenge is to take ions that are flowing through a region of relatively large volume and at a pressure of a few mbar (a typical pressure for a PTR-MS drift tube) and channel them through a small aperture into a much lower pressure zone. This challenge is not unique to PTR-MS: for example, it is encountered in mass spectrometers equipped with an electrospray ionization source. The electrospray source delivers liquid at atmospheric pressure into an electrically charged capillary and the subsequent formation of ions as the analyte leaves the capillary occurs in a region where the optimum pressure is a few mbar. A series of differential pumping stages can then be employed to eventually deliver the ions to a mass spectrometer. The loss of ions through these pumping stages can be mitigated to some extent by the use of one or more multipole ion guides, but major losses still occur. In particular, ion guides are excellent for the collisional focusing of already relatively narrow beams of ions but are ineffective for diffuse ion sources.
A novel solution to this problem was developed by Smith and co-workers in the late 1990s:
the radiofrequency (RF) ion funnel. 16 This RF funnel uses a series of electrodes with progressively reducing aperture sizes. A DC electrical field drives the ions axially through the funnel towards the exit aperture. In addition, an AC electric field is provided at a radiofrequency (RF) such that adjacent electrodes have opposite voltage polarities in the AC component. The RF field creates a strongly repulsive effective potential near the surface of each electrode which, coupled with the progressively diminishing aperture size, serves to focus the ions radially. This focusing effect can deliver a large increase in ion flux through the exit aperture and thus a large increase in signal at a downstream mass spectrometer. Various modifications have been made to the ion funnel design [17] [18] [19] [20] since its initial introduction and this has been supported by an improved understanding of the ion motion through trajectory simulations. 17, 19, 21, 22 Here the RF ion funnel concept is combined with PTR-MS for the first time. We were prompted to attempt this coupling because the optimum pressure for operation of an RF ion funnel is close to the typical operating pressure of a drift tube in PTR-MS. This suggests that it might be possible to construct a compact drift tube which can simultaneously operate as an ion funnel and as an ion-molecule reaction vessel with a fixed reaction time. This idea has been proposed and demonstrated previously in the context of ion mobility spectrometry 23 but not for PTR-MS. In this paper we describe a prototype design and explore its initial application in PTR-MS. An improvement in the detection sensitivity of between one and two orders of magnitude is observed for most of the test gases, which suggests that the RF ion funnel/drift tube may significantly enhance the performance of PTR-MS.
EXPERIMENTAL The standard PTR-MS apparatus
The PTR-MS instrument consists of a hollow cathode discharge ion source, a drift tube and ion transfer lens assembly, and a reflectron TOF-MS. H 3 O + ions are generated via a DC electrical discharge through water vapor. After passing through a source drift region, which maximizes the production of H 3 O + , the ions then pass through a 2 mm aperture into the drift tube, where they encounter the analyte. The drift tube is pumped by a mechanical pump with an effective speed of ~3 l s -1 and a pressure of ~1 mbar is maintained in this region under normal operating conditions.
In the standard PTR-MS version of this instrument the drift tube consists of a series of equally spaced disk electrodes with a central aperture of 40 mm diameter. This arrangement delivers a uniform electric field along the drift tube. In the current study the electrode structure is modified to allow part of the drift tube to act as an ion funnel, as described in a separate section below. At the end of the drift tube is a 400 µm orifice, which allows ions to enter the ion transfer zone for the TOF-MS.
This ion transfer assembly consists of collection/collimating optics and feeds ions into the source 6 region of a reflectron TOF-MS. The reflectron, which is pumped by a 70 l s -1 turbomolecular pump, has a total effective ion flight path of ~1.2 m. Ions are detected at the end of their trajectory by a large entrance (8 mm × 32 mm) discrete dynode detector. The ion signal is then amplified and fed into a proprietary pulse counting system for data acquisition, which consists of a time-to-digital converter interfaced to a PC. Data display and processing was carried out using the GRAMS software package.
Ion funnel/drift tube
The ion funnel consists of 29 stainless steel plates of 0.2 mm thickness, mounted on precision machined ceramic rods at an even spacing of 3.2 mm per plate. The orifice diameters of the plates through the first half of the stack is 40 mm, as used in the standard drift tube reactor. In the second half of the drift tube the orifice diameter steadily decreases to 6 mm at the final plate before the exit orifice. To avoid the trapping of ions in axial potential wells, particularly those with low m/z, the following condition must be satisfied: The RF voltage is provided by a simple proprietary AC generator whose output transformer is arranged to be in resonance with the load capacitance. This resonance is used to achieve a roughly sinusoidal waveform at around 800 kHz, with adjustable amplitude up to about 200 V peak to peak.
Operating conditions
The number two of the detector, rejecting electrons generated by the ion impact and thus eliminating wear from all dynodes except the first, the conversion dynode.
Analytes were injected into the drift tube at a typical flow rate of 85 ml min -1
. To assess the analytical performance, a variety of VOCs at known concentrations were delivered in both the DConly and RF funnel modes of operation. The source of gases was a calibrated gas mixture containing methanol, acetaldehyde, trans-2-butene, acetone, methacrolein, cyclohexanone, and β-pinene at known concentrations (BOC Special Gases; nominal mixing ratio 1 ppmV for each compound, with an estimated uncertainty of ± 10%) in a balance gas of nitrogen. For our experiments this mixture was subjected to a 10-fold static dilution to generate a new mixture with roughly 100 ppbV of each component, with the balance gas being nitrogen. Subsequent dilutions were then performed dynamically by feeding the cylinder gas into a Kintek 491 M and diluting in nitrogen.
RESULTS AND DISCUSSION
Effective E/N For a standard drift tube containing gas at a known pressure and with a uniform DC electric field, E/N is a well-defined quantity. A typical operating E/N in PTR-MS is in the region of 120 Td.
However, the effective E/N of a combined ion funnel/drift tube, with its contribution from both DC and AC electric fields, is no longer obvious. We intend to provide a quantitative model of the effective E/N in a separate publication. In the current study we simply take an empirical view of the effective E/N by seeking operating conditions for the ion funnel/drift tube that match the performance of the same drift tube when operated under the optimum DC-only conditions (see below). This RF voltage was used in all of the subsequent studies detailed below.
For illustration of the effect on VOCs, Figure 3 shows how the effective E/N in the RF mode of operation, inferred from the water cluster ion measurements described above, affects the signal from acetaldehyde. The principal ion product is the protonated parent molecule (m/z 45), but there is also a small quantity of a fragment at m/z 27; the latter is formed by dehydration of the protonated parent molecule. At an effective E/N equivalent to 125 Td, the relative abundance of the dehydration fragment is slightly higher (7%) than the corresponding measurement made in the DC-only mode (4%), implying that the effective E/N, as calculated by the extent of reagent ion clustering, is a reasonable (but not perfect) measure of the ion-molecule collision conditions when the ion funnel is switched on.
Detection sensitivity and limit of detection
The instrument was calibrated by delivering gas from a commercially prepared standard gas mixture, as detailed earlier. This contained seven principal components detectable by PTR-MS: methanol, acetaldehyde, trans-2-butene, acetone, methacrolein, cyclohexanone and β-pinene. We define the detection sensitivity for these compounds as the ion count rate for a given quantity of supplied analyte. We use units of Hz ppbV -1 and obtain this quantity, sometimes also known as the calibration factor, from a plot of ion count rate versus the delivered quantity of each gas. The gas mixture was dynamically diluted to deliver known concentrations of each compound ranging from the very low ppbV through to several hundred ppbV. For each compound the protonated parent species was monitored to generate the data shown in Figure 4 . Of the seven compounds in the gas mixture, six
show excellent linear relationships between the number of ion counts and delivered concentration, with linear correlation coefficients (r 2 ) close to unity. The exception is methanol, but even here r 2 ≈ 0.90. It seems likely that there is some interference with the protonated methanol signal caused by contributions from the neighbouring O 2 + peak at m/z = 32, which is observed because of some diffusion of analyte gas into the ion source region. Although small relative to H 3 O + the O 2 + signal still dwarves that from protonated methanol.
The sensitivities extracted from these plots are summarized in Table 1 . Values are shown for both DC and RF modes of operation, along with the RF/DC sensitivity ratio. For the majority of compounds the switch from DC to RF mode improves the sensitivity by between one and two orders of magnitude, although this is exceeded for acetone, methacrolein and cyclohexanone.
The limit of detection in an analytical context is commonly defined as three times the background noise, i.e.
where S is the mean background signal level at the chosen m/z, N is the corresponding noise level, and
[M] is the delivered concentration of compound M. Contributions to the background signal can be mass specific and will include contributions from traces of compounds present in the instrument (e.g.
from components used in the instrument construction, degassing, etc.), as well as in the gas employed for background measurements. A mass-dependent background noise level was determined without any added analyte by making repeat measurements of S for a fixed integration time and then associating the standard deviation with N. This relatively poor LoD may partly be due to the comparatively low polarizabilty and the lack of a permanent electric dipole moment for this molecule, which will reduce the proton transfer rate when compared to other many other molecules in Table 1 . Furthermore, trans-2-butene has the lowest proton affinity of all of the molecules in Table 1 and therefore will be more susceptible to backreaction with water vapor.
CONCLUSIONS
The drift tube of a PTR-MS instrument has been modified to allow it to operate as both a conventional drift tube and as an ion funnel. We have coupled this combined drift tube/ion funnel with a mass spectrometer for the first time and the resulting PTR-MS instrument has been shown to deliver a much higher proportion of ions out of the drift tube and into the source region of the mass spectrometer. The improvement in detection sensitivity in going from the DC mode to the RF mode is more than two orders of magnitude for the majority of VOCs considered in this work. The dual purpose drift tube/ion funnel could easily be coupled to other types of mass spectrometer to increase the detection sensitivity and may therefore offer considerable benefits in PTR-MS work.
The limit of detection (LoD) is currently restricted by persistent chemical background signals.
The source of these signals would seem to be from materials incorporated within the instrument, rather than any extraneous sources in the laboratory. It should be possible to substantially reduce this background contamination to achieve a LoD in the single figure pptV range for 20 s of data accumulation with the current instrument, i.e. an improvement approaching two orders of magnitude relative to the DC-only mode, which would be compatible with the improvement already seen in the detection sensitivity.
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(1 The DC data was collected at an E/N of 120 Td and the RF data was likewise obtained at effective E/N of 120 Td.
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